Morphology and photoluminescence study of titania nanoparticles by Memesa, Mine et al.
ORIGINAL CONTRIBUTION
Morphology and photoluminescence study
of titania nanoparticles
Mine Memesa & Sebastian Lenz & Sebastian G. J. Emmerling & Sebastian Nett &
Jan Perlich & Peter Müller-Buschbaum & Jochen S. Gutmann
Received: 21 December 2010 /Revised: 6 March 2011 /Accepted: 8 March 2011 /Published online: 2 April 2011
# The Author(s) 2011. This article is published with open access at Springerlink.com
Abstract Titania nanoparticles are prepared by sol–gel
chemistry with a poly(ethylene oxide) methyl ether
methacrylate-block-poly(dimethylsiloxane)-block-poly
(ethylene oxide) methyl ether methacrylate triblock co-
polymer acting as the templating agent. The sol–gel
components—hydrochloric acid, titanium tetraisopropoxide,
and triblock copolymer—are varied to investigate their effect
on the resulting titania morphology. An increased titania
precursor or polymer content yields smaller primary titania
structures. Microbeam grazing incidence small-angle X-ray
scatteringmeasurements,whichareanalyzedwithaunifiedfit
model, reveal information about the titania structure sizes.
These small structures could not be observed via the used
microscopy techniques. The interplay among the sol–gel
components via our triblock copolymer results in different
sized titania nanoparticles with higher packing densities.
Smaller sized titania particles, (∼13–20 nm in diameter) in
the range of exciton diffusion length, are formed by 2% by
weight polymer and show good crystallinity with less surface
defects and high oxygen vacancies.
Keywords Titania.μGISAXS.Sol–gel.PL.DSSC
Introduction
Nanostructured titania particles are very attractive for
several applications such as photocatalysis, coating, gas
sensing, and photovoltaics [1, 2]. The morphology and
crystallinity of the titanium dioxide (TiO2) particles greatly
influence the efficiencies in these applications [3–5]. The
active sites on titania surface are controlled by the
morphology of the titania films. Moreover, charge carrier
transfer rates are greatly influenced by morphology as it
impacts carrier delocalization routes [6–8]. The electronic
structure of TiO2 is further controlled by its crystallinity.
Among three different crystallographic polymorphs of
TiO2—anatase, rutile, and brookite—anatase can be pre-
pared as thermodynamically metastable nanocrystals with a
wide band gap, 3.2 eV. This makes anatase the appropriate
choice for semiconductor applications [9–12]. The macro-
scopic homogeneity of the titania films over large areas is a
crucial requirement for applications in photovoltaic devices.
Hence, the preparation of nanostructured TiO2 thin films
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DOI 10.1007/s00396-011-2421-0has gained special significance. Our group reported the
preparation of titania nanoparticles with desired morphol-
ogies in a reproducible way [13, 14]. An amphiphilic block
copolymer, poly(styrene)-block-poly(ethylene oxide) (PS-
b-PEO), acting as template, was dissolved in toluene–
isopropanol mixture, and the titania precursor, titanium
(IV) tetraisopropoxide (TTIP), was subsequently incorpo-
r a t e di n t ot h em i c e l l e s .T h es o l –gel was spin-coated, and
after calcination at 450 °C, anatase titania nanoparticles
were obtained. A ternary phase diagram was mapped
using a good–poor solvent pair by changing the relative
weight fractions between 1,4-dioxane, hydrochloric acid
(HCl), and TTIP. It serves as a guide for the preparation of
nanocomposite films with different morphologies [15]. A
triblock copolymer of PEO-PS-PEO was also used as the
templating agent in good–poor solvent-induced phase
separation via sol–gel chemistry and resulted in macro-
porous anatase TiO2 thin films [16].
These ordered anatase titania thin films have potential
application in dye-sensitized solar cell (DSSC) devices. If
the hybrid films are to be used as an alternative blocking
layer, an additional insulation property has to be incorpo-
rated in between semiconducting anatase titania nano-
particles [17]. When there is no insulation in between
titania nanoparticles, the transparent fluorine-doped tin
oxide/indium tin oxide substrate is in direct contact with
the hole transport medium; charge recombination is favored
and intrinsically inefficient solar cells are obtained. In order
to incorporate insulating parts in between titania nano-
particles, preparation of titania nanoparticles using an
amphiphilic block copolymer as the templating agent by
sol–gel chemistry was extended with the help of a poly
(dimethylsiloxane) (PDMS)-containing amphiphilic block
copolymer [17–19]. PDMS is one of polymeric precursors
of the general formula (RxSi(OR′)4 − x) containing Si–C
bonds. This Si–C bond is present from the beginning in the
sol–gel process and preserved in glass structures. These
silicon oxycarbide gels were heat-treated to intermediate
temperatures to obtain silicon oxycarbide glasses [20]. Poly
(ethylene oxide) methyl ether methacrylate-block-poly
(dimethylsiloxane)-block-poly(ethylene oxide) methyl ether
methacrylate [(PEO)MA-PDMS-MA(PEO)] triblock co-
polymer was used as the templating agent. In previous
works, (PEO)MA-PDMS-MA(PEO) triblock copolymer
acted as the templating agent in combination with sol–gel
chemistry to prepare conductive anatase titania nanoparticles
embedded in a polymer-derived ceramic using 1% by weight
of the triblock copolymer, HCl, and titania precursor[17].
In this paper, we investigate the effect of sol–gel
components on the prepared titania morphology and their
photophysical properties when the conductive anatase
titania nanoparticles are prepared in an insulating matrix.
The sol–gel components—HCl, triblock copolymer (referred
to as “polymer” in the rest of the text for simplicity), and
titania precursor (TTIP)—are varied individually as depicted
in Scheme 1.
The polymer is first dissolved in a tetrahydrofuran–
isopropanol mixture in a ratio of 3:1 to achieve complete
dissolution of PDMS and (PEO)MA blocks, followed by
successive addition of HCl and TTIP within 2 min. The
concentrated HCl is a poor solvent for the PDMS block.
Thus, the interfacial energy between the PDMS block and
the solvents increases and leads to the formation of micelles
in solution. TTIP, also a poor solvent for PDMS, incorpo-
rates into the hydrophilic PEO domains via coordination
bonds. TTIP hydrolyzes, catalyzed by HCl, and condenses
on PEO domains. These titania structures can form covalent
Ti–O bonds with neighboring micelles, resulting in a titania
network formation. A complex force balance between
polymer chain stretching and polymer solvent interactions
determines the morphologies [21–24]. Different morpholo-
gies can be obtained by varying the weight fractions
between HCl and TTIP. Furthermore, the block copolymer
concentration controls the resulting micellar morphologies
in the sol–gel. To understand how the changes in HCl,
TTIP, and block copolymer, i.e., sol–gel components,
concentration control the morphology of titania structures,
we varied the sol–gel components (Scheme 1).
In the presented work, we investigate the morphology
with scanning electron and force microscopy techniques.
Moreover, microbeam grazing incidence small-angle X-ray
scattering (μGISAXS) experiments reveal information
from the inside morphology that could not be obtained
via microscopy techniques. In addition, photolumines-
cence (PL) spectroscopy gives information of the
photoelectronic properties of particles prepared from a
variation of the sol–gel components after preparation and
upon heating at 450 °C.
Scheme 1 Variation of the sol–gel components
944 Colloid Polym Sci (2011) 289:943–953The increase in the titania precursor and the polymer
amount result in smaller primary titania particles. This
represents a promising preparation route for applications
that require conductive titania particle sizes on the order of
13–20 nm, namely photovoltaic applications [25].
Experimental section
Materials
(PEO)MA-PDMS-MA(PEO) triblock copolymer was
synthesized as explained elsewhere [17]. TTIP (Aldrich,
99.9%), hydrochloric acid (37%, HCl, Acros, Geel,
Belgium), isopropanol (Acros), and tetrahydrofuran
(THF, extra dry from Acros) were used without further
purification.
(PEO)MA-PDMS-MA(PEO)/titania nanocomposite film
preparation
Sample solutions were prepared by dissolving 40.5 mg of
(PEO)MA-PDMS-MA(PEO) block copolymer in 3,004 mg
THF and 1,008 mg isopropanol. Forty-five milligrams
titania precursor (TTIP) and 47 mg HCl were added and
stirred for 1 h at ambient temperature. These amounts were
for 1% HCl, 1% TTIP, and 1% block copolymer by weight
over the total components. The amount of HCl was varied
to 2% and 3% of the total amount. In a typical experiment,
component amounts were 43.8 mg of (PEO)MA-PDMS-
MA(PEO) block copolymer, 3,007 mg THF, 1,004 mg
isopropanol, 43.8 mg TTIP, 84.6 mg HCl for 2% HCl and
42.4 mg of (PEO)MA-PDMS-MA(PEO) block copolymer,
3,006 mg THF, 1,002 mg isopropanol, 45.5 mg TTIP,
140.7 mg HCl for 3% HCl. Block copolymer amount was
also varied to 2% by weight: 92.6 mg of (PEO)MA-PDMS-
MA(PEO) block copolymer, 3,021 mg THF, 1,013 mg
isopropanol, 42.2 mg TTIP, 43.8 mg HCl. Titania precursor
amount was varied to 2% by weight: 40.2 mg of (PEO)MA-
PDMS-MA(PEO) block copolymer, 3,016 mg THF,
1,017 mg isopropanol, 82.6 mg TTIP, 40 mg HCl. At least
four specimens from each concentration were prepared.
Nanocomposite films were prepared on Si(100) sub-
strates by spin coating each sample solution for 60 s using a
Süss MicroTec Delta 80 spin coater under ambient
conditions (temperature, 21 °C; relative humidity, 40±5%;
rotation speed of 2,000 rpm; acceleration speed of
2,000 rpm/s). Si wafers were cleaned prior to spin coating
by heating to 80 °C in the hydrogen peroxide–ammonium–
water mixture for 15 min, followed by dilution with
Millipore water, 15 min ultrasonication in hydrochloric
acid–water mixture method, and dilution with Millipore
water.
To uncover the surface of the titania particles, argon
plasma treatment was applied by TECHNICS Plasma-
Processor 200-6 at 300 W for 10 min. Plasma-etched
titania nanocomposite films were heated up to 450 °C under
nitrogen atmosphere with a heating rate of 6.25 °C/min
starting from room temperature and kept at 450 °C for 4 h.
After calcination, the samples were cooled to room
temperature in a furnace.
Characterization methods
Scanning electron microscopy (SEM) images were obtained
on field emission SEM (LEO 1530 “Gemini”)a ta n
accelerating voltage of 3 kV.
μGISAXS experiments were performed at the beamline
BW4, at DESY HASYLAB in Hamburg, where parabolic
beryllium compound refractive lenses are used to obtain a
moderately micro-focused X-ray beam [26]. A beam size of
32 × 23 μm
2 (height × width), synchrotron radiation with a
wavelength of 1.38 Å, and incident on the sample surface at
0.74° were used for the measurements. The sample detector
distance for μGISAXS was adjusted to 2.2 m. The setup
included a movable specular beam stop and a diode beam
stop for the detection of direct beam intensity. A 2d-Mar
CCD detector (2,048 × 2,048 pixels) was used to record the
scattered X-rays.
Scanning force microscopy (SFM) images were recorded
using a Veeco Dimension 3100 System (Veeco, Santa
Barbara, USA) in tapping mode equipped with Si canti-
levers (Olympus OMCL-AC240TS, Japan) having spring
constant ranging between 33.2 and 65.7 N/m and resonance
frequency 370.4–319.7 kHz. The images were analyzed
using the software Gywiddionttp://gwyddion.net/ [27].
PL spectra were recorded on a Spex FLUOROLOG II
(212) using a Xenon discharge lamp at 400 W. The
emission spectra were collected at an excitation wavelength
of 350 nm.
Results and discussion
The titania triblock copolymer nanocomposite films with
varying sol–gel compositions were prepared by spin
coating on previously cleaned Si wafers. The obtained
morphologies of the nanocomposite films were character-
ized in real space with microscopy techniques. Figure 1
shows the SFM and SEM images of as-prepared films. The
scale bar in each image corresponds to 1 μm. However, one
has to keep in mind that due to the low electron density
difference between Ti and Si, the obtainable magnification
in SEM images is low. The standard solution of 1% HCl,
1% TTIP, and 1% polymer content sample is presented in
Fig. 1c. In previous work, this concentration was chosen as
Colloid Polym Sci (2011) 289:943–953 945Fig. 1 SFM height (1), phase (2), and SEM (3) images of as-prepared
samples: 2% TTIP (a), 2% polymer (b), 1% HCl (c), 2% HCl (d), and
3% HCl (e). Height scales are 60 nm (a1), 50 nm (b1), 30 nm (c1),
50 nm (d1), 40 nm (e1) with phase scales 40° (a2), 20° (b2), 3° (c2),
8° (d2), and 7° (e2). Scale bars correspond to 1 μm
946 Colloid Polym Sci (2011) 289:943–953the standard one according to the phase diagram for titania
nanoparticle preparation using PS-b-PEO as the templating
agent [15]. In our system, based on the triblock copolymer
[(PEO)MA-PDMS-MA(PEO)], the templating agent and
the corresponding solvents are different. Therefore, a
different morphology is to be expected and was obtained
[17].
The triblock copolymer, (PEO)MA-PDMS-MA(PEO), is
a gel at room temperature. Therefore, tapping mode SFM
images of as-prepared samples could be obtained on only
10-μm
2 sized areas. Some circular pits (made with red
arrows on SFM and SEM images in Fig. 1) are seen on the
surface as the observable morphology. These pits are due to
the liquid–liquid miscibility gap which occurred during
spin coating in the nanocomposite preparation step [28].
Increased titania precursor and HCl contents resulted in a
similar morphology as compared to the standard solution
(see Fig. 1a, d, e). A change in the overall film morphology
was observed with an increased polymer content (see
Fig. 1b). For the system containing PS-b-PEO, the variation
of the block copolymer amount from 0.25% to 4% by
weight resulted in a morphological change from mesopo-
rous structures to lamellae [29]. A similar tendency was
observed for varying the polymer content to 2% by weight.
The preparation of titania nanoparticles using a PDMS
containing amphiphilic block copolymer results in an
insulating polymer-derived ceramic in between titania
nanoparticles after heat treatment under inert atmosphere.
Inert atmosphere is required to prevent decomposition of
the PDMS before it turns into ceramic. With this prepara-
tion route, nanocomposite films composed of conducting
anatase titania nanoparticles embedded in an insulating
matrix were obtained. However, to avoid insulation on the
titania surface, plasma treatment is required before heating
[17].
Next, the preparation of the titania films was continued
with argon plasma etching to uncover the titania surface
from any polymer and to achieve a conduction from the
titania surface to the substrate. Afterwards, the films were
heated to 450 °C under nitrogen atmosphere. This recipe
results in a conductive titania network embedded in a
polymer-derived insulating matrix. The resulting titania
nanoparticles are in the anatase phase [17]. A removal of
the (PEO)MA part of the block copolymer and the
ceramization of PDMS resulted in a nanoporous inorganic
film on the substrate, thereby enabling higher magnification
imaging with SEM (Fig. 2, scale bars correspond to
200 nm). The circular pits that occurred during spin coating
Fig. 2 SEM images of plasma-
treated and annealed at 450 °C
samples, 1% HCl (a), 2% HCl
(b), 1% HCl (c), 2% TTIP (d),
and 2% polymer (e). Scale bars
correspond to 200 nm
Colloid Polym Sci (2011) 289:943–953 947are observed again in these images. Although the circular
pits of some hundred nanometers could be seen via SEM
imaging, it remained difficult to image primary titania
particles. μGISAXS enabled to obtain information on the
titania structures.
The structural stability of the particles was investigated
by increasing the heating temperature further to 1,000 °C.
The particle diameters, averaged from the SEM images, are
in the range of 14–40 nm for the 1% HCl sample (in
Fig. 3a), 12–48 nm for 2% HCl sample (in Fig. 3b), 11–
42 nm for 3% HCl sample (in Fig. 3c), 12–48 nm for 2%
TTIP sample (in Fig. 3d), and 10–20 nm for 2% polymer
(in Fig. 3e, scale bars correspond to 200 nm). These high
magnification images give information on the smallest
structures; however, the overall homogeneity of the film
still remains unclear. For as-prepared films, microscopy did
not provide much information since the softness of the
polymer at room temperature and the low electron density
difference between Ti and Si prevent high-resolution
imaging. Moreover, microscopy techniques are restricted
to an investigation in the micrometer square range and to
the sample surface. For investigating the lateral structure of
titania particles inside the films (thickness of 30±10 nm)
and the uniformity of the titania morphology in the
nanocomposite film, we performed μGISAXS measure-
ments at the beamline BW4 in HASYLAB at DESY,
Hamburg [26, 30]. In general, μGISAXS scattering patterns
yield structural information averaged over the illuminated
sample spots. In our case, this sample spot was of a size of
56,992 μm
2 (1,781×32 μm). This is a consequence of the
enlarged footprint at the chosen incident angle of 0.74°. The
out-of-plane cuts at an exit angle equal to the critical angle of
titania, αc=0.28°, were selected to obtain an averaged
structure information about the percolating titania structures
in a range from several nanometers up to ∼190 nm. For a
closer data analysis, the out-of-plane cuts were fitted
according to the unified fit model [31–33]. This model was
successfully applied to various scattering experiments in
transmission geometry for different applications [31, 32, 34–
38]. We used the unified fit model to investigate the
morphology of our titania structures in our previous
investigations already [17, 39, 40]. This model describes
the structure of the material in terms of structural levels,
ranging from single particles to clusters. Each structural level
contains a Guinier regime which describes the size and a
power law regime giving the integral properties of the
Fig. 3 SEM images of plasma
treated and annealed at 1,000 °C
samples for 1% HCl (a), 2%HCl
(b), 3%HCl (c), 2% TTIP (d),
and 2% polymer composition
(e). Scale bars correspond to
200 nm. Arrows point the
representative primary titania
structures (L1) in all images,
and the cluster size (L2) is
depicted with a line in (a)
948 Colloid Polym Sci (2011) 289:943–953structure. The Porod regime provides information about
the surface and mass fractality of the individual structure.
Thus, it is possible to differentiate between smooth and
jagged primary particle structures and between crystal-
like and disordered secondary cluster structures. Figure 4
shows the out-of-plane cuts together with fits which are
overlaid on experimental data for as-prepared, heated at
450 and 1,000 °C, samples.
The progression of the μGISAXS curves for different
HCl concentrations is similar for the as-prepared nano-
composite films (Fig. 4-a). Detailed structural information
obtained from the fits is tabulated in Table 1. The smallest
structures, represented as level 1 (L1 in Table 1), were
obtained from the fits corresponding to the high-q region
(q>0.005 nm
−1). These small structures are comparable
within the experimental errors for all samples, except the
one with 2% HCl concentration which is 20% larger than
the standard solution (1% HCl). An increase in the amount
of polymer (2% BCP, green curve) or titania precursor
(2% TTIP, cyan curve) in the sol–gel process results in a
different slope as compared with the standard solution (1%
HCl, purple curve) and increased HCl concentrations
(2% HCl, blue curve, and 3% HCl, red curve). This is
reflected in a 9% reduction of the primary titania particle
sizes compared to the particle size from the standard
solution (1% HCl). The unified fit model gives informa-
tion about the structure and packing of the structures
from the Porod regime. For example, smooth spherical
particles’ scattering decays with q
−4 dependence result in
a P value of 4 in the unified fit model and cylindrically
symmetrical structures’ scattering decays with q
−3 depen-
dence with a P of 3 [41]. The P value also corresponds to
the packing density of the structures. The packing of the
smallest structures are similar as the P value is around 2
for all as-prepared samples. These smaller structures in as-
prepared samples are amorphous after the hydrolysis of
TTIP in the sol–gel on PEO domains. Therefore, low
packing with a non-well-defined structure is expected
after spin coating. The preparation of the anatase titania
nanoparticles by the sol–gel method requires an annealing
step. Formation of well-defined ordered structures is expected
after this calcination step. The fitted P value is around 4
for 2% TTIP and 2% polymer samples after annealing at
450 °C.
The high-resolution SEM images obtained from samples
annealedat1,000°C(Fig.3) can be used for an interpretation
of our μGISAXS results. In general, the corresponding
unified fit Rg values for primary titania structures (structural
level 1, L1) of diameters (2Rg) ∼16 nm for 3% HCl, ∼13 nm
for 2% HCl, ∼16 nm for 1% HCl, ∼13 nm for 2% polymer,
and ∼15 nm for 2% TTIP match the diameters (2Rg)o ft h e
structures shown in Fig. 3. A red arrow points the
representative titania structure in each image. The amor-
phous titania particles crystallize during the annealing step.
Meanwhile, the triblock copolymer, the templating agent,
which is present among the particles, decomposes. Primary
particles (L1) stack over each other and build a titania
network. In some parts, a few particles merge together,
resulting in a larger titania cluster; in some parts, more
Fig. 4 Double-logarithmic plots of the out-of-plane cuts of the 2D
intensity as a function of the qy component of the scattering vector.
For clarity, the curves are shifted along the intensity axis. The dashed
line indicates the resolution limit of the μGISAXS experiment.
Colored lines are the fits, from unified fit model, for determining the
prominent in-plane length scales, corresponding to the scattering data
in black below them. From bottom to top, the curves correspond to
samples from 2% TTIP (cyan), 2% BCP (polymer, green), 1% HCl
(purple), 2% HCl (blue), and 3%HCl (red) concentration compositions
in each graph. Upper graph (a) is for as-prepared, middle (b) is for
heated at 450 °C, bottom graph (c) is for heated at 1,000 °C samples
Colloid Polym Sci (2011) 289:943–953 949particles are joined together, resulting in a broad particle size
distribution and increasing the polydispersity in particle size
distribution. As observed from the SEM images, the
particle sizes are not identical but not very different at
the same time with a low aspect ratio. This is the major
reason why sharp peaks could not be observed via X-ray
scattering [42]. The cluster size (L2) obtained from the fit
for 1% HCl standard solution gives an Rg value of
130 nm, resulting in a diameter (2Rg)o f∼260 nm.
Figure 3a shows circular pits of size 200 nm (pointed
with a red line over the pit diameter), which is in
agreement with the fit value. Structures with Rg≥190 nm
(2Rg>380 nm) are beyond the resolution limit of our
μGISAXS experiment. Therefore, the values for clusters
could not be obtained and left as blank rows for some
samples in Table 1. The arrows in Fig. 3 show the primary
particles (L1) in each image; a cluster size (L2) is pointed
in Fig. 3a. The information obtained from SEM images
match the values obtained from the unified fit modeled
μGISAXS data. Here, μGISAXS helps us to understand
the overall morphology of continuous titania structures
inside the whole film. After proving that μGISAXS
measurement data with the unified fit model reveal the
structural information about the titania particles’ morphology,
we can discuss the structural changes of titania particles
depending on the sol–gel composition according to the values
obtainedfromtheunifiedfitmodelofμGISAXSexperiments.
The structural stability of the titania structures upon
elevated annealing temperature is observed by SEM
imaging in correlation with GISAXS experiments. However,
the crystallinity of the particles changed from amorphous to
anatase and moreover to rutile, as observed from the X-ray
diffraction (XRD) experiment (Fig. 5) after samples were
prepared and heated to 450 and 1,000 °C. Typical anatase
titania peaks [6] are also depicted in Fig. 5 beneath the XRD
curves. An as-prepared sample (Fig. 5a) is amorphous and
showed no peak. After heating at 450 °C, typical anatase
titania peaks were observed (Fig. 5b). Further increase in
heating temperature to 1,000 °C resulted in additional rutile
phase, as indicated by additional XRD peaks (Fig. 5c). For
application in semiconducting material requiring devices,
anatase titania is needed. Heating temperature of 450 °C is
less costly and destructive to the substrate than treatment at
1,000 °C. Moreover, rutile phase which will act as an
impurity among anatase particles was observed after heating
to 1,000 °C.
Figure 4-b shows the μGISAXS experimental data
(black data points) with overlaid fit results (colored lines)
for plasma-treated and annealed at 450 °C samples. The
progression of 2% BCP (polymer) sample changes signif-
icantly from the as-prepared curve compared to the change
between other compositions’ as-prepared ones. The slope of
2% BCP (polymer) changed and a broad peak in the
Sample As-prepared Heated at 450 °C Heated at 1,000 °C
PR g (nm) PR g (nm) PR g (nm)
3% HCl L 1 2.3±0.3 6.7±0.9 2.4±0.2 7.9±0.5 3.8±2.5 7.8±0.1
L 2 2.8±0.1 160±1.2 2.3±0.1 2.1±0.5
2%HCl L 1 1.9±0.1 9.5±0.8 2.6±0.1 9.4±0.7 3.8±0.5 6.2±0.1
L 2 3.0±0.1 152±0.9 1.9±0.1 2.1±0.3 166±0.1
1%HCl L 1 1.9±0.3 7.0±0.7 2.1±0.1 8.0±0.3 1.7±0.1 8.0±0.5
L 2 2.4±0.1 170±1.7 2.3±0.1 1.7±0.1 131±1.1
2% L 1 2.5±0.4 6.4±0.6 4.0±0.1 6.0±0.2 3.9±2.8 6.5±1.6
Polymer L 2 1.8±0.1 2.5±0.1 75±0.8 1.5±0.4 171±11
2%TTIP L 1 1.5±0.3 6.4±0.7 4.0±0.4 7.3±0.5 4.0±0.2 7.7±0.4
L 2 2.4±0.5 2.6±0.1 1.9±0.4
Table 1 Values obtained from
unified fitted μGISAXS data of
as-prepared, heated at 450 °C
and 1,000 °C samples, P and Rg
stand for packing density and
radius of gyration, respectively
Fig. 5 XRD diffractograms of as-prepared (a), heated at 450 °C (b),
and heated at 1,000 °C (c) 1%HCl samples (standard sol–gel). Typical
anatase titania peaks [6] are shown at the bottom
950 Colloid Polym Sci (2011) 289:943–953medium-q range (0.5 nm
−1) appeared, indicating a different
secondary structure than present in the as-prepared sample.
This results in smaller secondary structures (L2) with a
diameter (2Rg) of 150 nm (Rg∼75 nm obtained from the
fit, L2). As also seen from the high-resolution SEM image
in Fig. 3e, large circular pits are absent, and this is the case
for the whole sample giving a narrow size difference
between clusters, allowing better packing of the particles.
The size of the primary titania structures (L1) did not
change within the experimental errors compared to as-
prepared samples. This indicates that plasma cleaning and
heating steps do not affect the smallest primary structures.
The organic material in between the titania structures
changes during the heat treatment. Since the material
properties changed after the heating step, i.e., PDMS
turned into silicon oxycarbide, organic polymer decom-
posed, amorphous titania turned into its anatase phase, and
the scattering length density of the material changed.
Removal of the organic part of the nanocomposite films
increased the distance between the particles. The packing
of the primary particles (L1) also increased and a P value
of 4, corresponding to densely packed spherical particles,
was observed for both 2% TTIP and 2% polymer contents.
A HCl content variation resulted in P values of 2–2.5,
indicating less closely packed and amorphous, in terms of
shape, cylindrical primary structures. Larger cluster size
for all HCl and 2% TTIP samples were beyond the
resolution limit of μGISAXS measurements. Smaller
titania primary structures were obtained with increase in
TTIP and polymer contents.
This study revealed information on the relation between
the sol–gel components and titania morphology when
titania nanoparticles are prepared in an insulating matrix.
Tiny changes in the conductive and insulating sources of
the sol–gel affected the final morphology most. This is
shown by the correlation between SEM images (Fig. 3) and
the μGISAXS experimental data fits in Table 1. The
electro-optic and photoelectric properties of these morphol-
ogies were investigated via PL spectroscopy which depends
on electronic excitations [43]. PL is used to detect the
surface defects occurring on titania nanoparticles, and a
correlation between the titania morphology and electron
active sites can be built. Figure 6 illustrates the PL spectra
of samples after preparation and after heating at 450 °C
under a 350-nm wavelength excitation source. Except 2%
HCl content, all as-prepared samples exhibit higher PL
intensity than the samples heated at 450 °C. As shown by
XRD measurements, titania is in amorphous state after
preparation and turns into its anatase polymorph after
calcination at 450 °C. Higher surface defects and no
crystallization in as-prepared samples result in higher PL
intensity. As the amorphous titania nanoparticles turned
into anatase phase, surface defects decreased and resulted in
lower PL intensity. This also reveals that the photogenerated
holes and electrons had the lowest recombination rate in
samples heated at 450 °C [44]. Li et al.[44]a l s oo b s e r v e d
low emission intensity in PL measurements for anatase
titania nanotubes which was due to good crystallization
and fewer surface defects of the sample. PL curves for
each sample were fitted with four Lorentzian peaks
Fig. 6 Photoluminescence
spectra of as-prepared (solid
points) and heated at 450 °C
(open points) samples
Colloid Polym Sci (2011) 289:943–953 951located at approx. 398, 435, 469, and 510 nm, respective-
ly. The peak at 398 nm can be assigned to self-trapped
excitons localized in TiO6 octahedron, peaks at 469 nm to
oxygen vacancies, and peaks at 435 and 510 nm to surface
defects [43, 45–49].
The PL spectral peaks shifted to lower wavelengths after
heating, and no peak at 510 nm could be observed. This
indicates lower surface defects due to crystallization. The
photoluminescence observed from 2% polymer after heating
at 450 °C is mostly due to oxygen vacancies and self-trapped
excitons. As the particle sizes become smaller, the oxygen
vacancy content increases, resulting in higher probability of
excitonic occurrence, thus higher excitonic PL signal [50].
The smallest primary titania structures (L1) were
obtained by 2% polymer after heating to 450 °C (see
Table 1, Rg∼6 nm). Other samples did not show
considerable photoluminescence after heating, except 2%
HCl which exhibited higher PL than as-prepared ones
contrary to the amorphous–crystalline relation explained
above. Two percent polymer content resulted in the
smallest anatase titania nanoparticles with less surface
defects, high oxygen vacancies.
Closely packed spherical-shaped titania particles with
a diameter of 13–20 nm were obtained by varying the
sol–gel composition to 2% polymer. This particle size is
in the range of exciton diffusion length [25]. Their PL
measurements showed less surface defects with high PL
due to oxygen deficiencies and self-trapped excitons.
Conclusions
Titania nanoparticles with different sizes have been pre-
pared by changing the sol–gel components: HCl, titania
precursor (TTIP), and polymer (PEO)MA-PDMS-MA
(PEO). The primary titania structure size decreased and
their packing density increased with increasing the polymer
or titania precursor contents. Removal of the organic parts
via plasma and subsequent heat treatments enabled to
obtain higher magnification microscope images. Titania
particles sustained their shape upon heating up to 1,000 °C.
SEM images of 1,000 °C annealed titania nanoparticles
were in good agreement with the results obtained from the
unified fit of μGISAXS experiments, which further
revealed information on the lateral structures of the
particles irrespective of annealing. A 2% polymer sol–gel
concentration resulted in primary titania structure size on
the order of 13–20 nm with extra photoactive properties.
The preparation of smaller sized primary titania structures
will allow easier packing of several titania particles over
each other to form a titania column inside the nano-
composite film, building a pathway for electrons in DSSC
applications.
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